Contact angle measurements on silicon-nitride substrates were conducted on tin-based alloys, containing titanium and zirconium, to determine the suitability of these alloys as filler metals for low-temperature joining of ceramics. Titanium-containing alloys exhibited excellent wettability characterized by contact angles less than 20 deg, whereas the Zr-containing alloys exhibited contact angles around 50 deg. The superior wettability of the Sn-Ti alloys is attributed to the higher activity coefficient of Ti in Sn-Ti alloys. The liquidus temperature of the Sn-Ti alloys is in the 400 ~ to 600 ~ range. Hence, these alloys are expected to reduce the residual stress problem.
final joint is often very complex and possesses several intermediate layers.
There are several ceramic components (including some for ceramic heat engines) where the service temperature of the ceramic-metal joint is much lower than 600 ~ Examples of these would include electrical feedthroughs (expected operating temperature <100 ~ and wear parts in the heat engine, such as ceramic sleeves on rocker arms and ceramic ends on push rods (expected operating temperature 100 ~ to 150 ~ For such components, it is preferable to use a lower brazing temperature and thereby minimize the residual stress problem. Lower brazing temperatures would also eliminate the need for interlayers and lead to a simpler joint. Brazing at lower temperatures (or soldering) implies using filler metals that possess a much lower liquidus (400 ~ to 600 ~ than the filler metals currently being researched in the literature.
It should be noted that the terms "brazing" and "soldering" are not interchangeable. According to the American Welding Society, the term "soldering" refers to a joining process conducted below 450 ~ whereas the term "brazing" refers to a joining process conducted above 450 ~ In both processes, a filler metal is interposed between the materials to be joined and the entire assembly heated to the joining temperature. During joining, only the filler metal is in the liquid state. Thus, despite being classified as distinct processes, both soldering and brazing are very similar metallurgically.
In this paper, we present the results of our efforts to develop tin-based solders for low-temperature joining of silicon nitride. To our knowledge, this is the first attempt at developing low-temperature filler metals for ceramicmetal joints. It is envisaged that these solders will be used for direct brazing or soldering of ceramics. The term "direct brazing" implies that no surface pretreatment of the ceramic (such as metallizing) will be necessary. The proposed process will be conducted in vacuum or under an argon atmosphere to protect the reactive component of the filler metals from oxidation. Use of fluxes will not be necessary during joining, thereby obviating the need for any flux development. Hence, these solders may be looked upon as "self-fluxing" solders.
Our results on contact angle measurements on silicon nitride indicate that it is possible to wet the ceramic using tin-based solders containing titanium. The microstructural observations indicate the presence of an interfacial layer which is rich in the reactive component of the filler metal. This confirms that wetting in these systems is controlled by reactive decomposition of the ceramic.
II. EXPERIMENTAL
Experimental alloys were prepared by arc-melting the constituent metals under an argon atmosphere. The weight loss on melting was less than 1 pct for all alloys. A piece of the arc-melted alloy nugget was used for contact angle measurements.
Details of the contact angle setup and the silicon nitride have been published earlier.
[2~ Samples were heated at 5 ~ to 950 ~ under a vacuum of 8 mPa, and held there for an hour. Using the contact angle setup, it was possible to obtain the contact angle as a function of temperature, and as a function of time, during the isothermal hold at 950 ~ Samples from the wetting test were sliced perpendicular to the ceramic-metal interface, prepared metallographically, and examined using a scanning electron microscope equipped with an energy-dispersive X-ray analyzer.
III. RESULTS
Tin was selected as the base metal for these studies. Since pure tin does not wet silicon nitride, it was decided to add incremental amounts of titanium and zirconium to induce wetting on silicon nitride. The choice of titanium and zirconium as reactive metals was based on earlier studies t2~ that revealed these two elements to be the only reactive metals capable of lowering the contact angle of the alloy to less than 15 to 20 deg on silicon nitride. Theoretically, a contact angle of less than 90 deg is taken to represent a state of wetting. However, from a practical standpoint, it is necessary to achieve much lower contact angles. A lower contact angle enhances capillary action, ensuring that the filler metal penetrates all joint clearances and thereby eliminates any interfacial voids. Thus, ideally, one would prefer a zero contact angle (such as that obtained during soldering of metals with metallic solders). However, contact angles less than 20 deg usually provide sufficient capillarity for brazing purposes. Hence, in our investigations, alloys exhibiting contact angles less than 15 to 20 deg are judged satisfactory for brazing.
The Sn-Ti and Sn-Zr phase diagrams I231 indicate that Ti and Zr are not soluble in tin in the solid state. Rather, the diagrams comprise several intermetallic compounds, possessing high melting points. The liquidus lines indicate that alloys possessing Ti or Zr contents greater than 10 at. pct have a liquidus temperature that exceeds 500 ~ Hence, it was decided to constrain the maximum addition of Ti or Zr to less than 10 pct.
Three levels of reactive metal (Ti and Zr) additions were tested for wettability on Si3N4: (1) 2 pct, (2) 5 pct, and (3) 7 pct (all compositions in atomic percent). During arc-melting, the reactive metal dissolved in the liquid tin matrix; however, on subsequent solidification, the reactive metal precipitated out of solution and formed an intermetallic compound (Ti6Sn5 in the Sn-Ti alloys and ZrSn2 in the Sn-Zr alloys). The intermetallic compound was present as a thin skin covering the as-cast nugget and remained firmly adhered to the nugget even after subsequent sectioning. Figure 1 depicts the variation of the contact angle with temperature during heatup of the sample, while Figure 2 depicts the variation of the contact angle with time during the isothermal hold at 950 ~ for all the seven alloys tested. All alloys bonded to the ceramic. The wetting curves for all alloys, other than the Sn-0.5 pct Ti alloy, show three distinct stages in the wetting process. The temperature range corresponding to each stage depends on the specific alloy composition.
A. Contact Angle Data
Examination of Figure 1 reveals several distinctive features regarding the three stages observed in the variation of contact angle with temperature. Stage I is the melting stage. On melting, there is a small period of equilibration, following which the molten droplet assumes a fairly large contact angle (which is composition dependent), usually in excess of 100 deg. In stage II, the temperature rise has little effect on the contact angle. Stage III is characterized by a rapid reduction in the contact angle. By the end of stage III, the droplet has equilibrated to a steady contact angle, which remains largely invariant during the subsequent isothermal holding period at 950 ~ ( Figure 2 ). As noted earlier, the exact temperatures, demarcating the onset of each stage, vary with the composition of the alloy.
In general, all Ti alloys, except the Sn-0.5 pct Ti alloy, exhibited much lower final contact angles than the corresponding Zr alloys. The final contact angle for all the Zr alloys was approximately 50 deg and was insensitive to the Zr content. In contrast, the final contact angle for the Ti alloys varied with the Ti content. For example, the 2 pct Ti alloy exhibited a final angle of 18 deg, whereas the 5 pct Ti alloy exhibited a minimum contact angle of 10 deg. From the data, it is clear that only the Sn-Ti alloys are promising solders, since these alloys alone met the prescribed requirement of a contact angle less than 20 deg. It is also clear that the level of Ti must be in excess of 2 pct, since the Sn-0. 
